The calculation of electric field gradients (efg) at the location of nuclei in molecules is closely related to the experimental determination of nuclear qua drupole coupling constants. Progress has been made in the last decade along two directions. Very ac curate calculations for small molecules including electron correlation made it possible to obtain the nuclear quadrupole moment of the nucleus under investigation as a ratio from the experimental and calculated value often with higher accuracy than from scattering experiments. For instance, Sundholm et al. [1] . Ha [2] , and Cernusak et al. [3] have determined the nuclear quadrupole moment for l4N with an error-limit which is probably only a few percent. On the other hand SCF calculations of rea sonable accuracy allowed the efg of reasonably large molecules to be calculated (see e.g. [4] ).
Improvements along this second direction are the goal of this paper. We have shown previously for deuterium [5. 6 ], that very large basis sets are ne cessary to obtain near-Hartree-Fock efg's but that the high quality of the basis can be confined to the area of the nucleus of interest. This concept permits such accurate calculations on fairly large molecules to be made. It will be shown that the correlation effect is pretty constant for groups of molecules. Therefore, rather than calculating an absolute value for the quadrupole coupling constant by using the best available value of the nuclear quadrupole R ep rin t requests to PD Dr. H. H uber. Institut für P hysika lische C hem ie. K lingelbergstr. 80 . CH-4056 Basel. Schweiz. moment as a proportionality factor, we determine a pseudo nuclear quadrupole moment for a group of molecules from the ratio of the experimental coupling constant and the near-Hartree-Fock efg value. This moment can then be used for other molecules of the same group, to yield good values for the coupling constant. For example, in the case of the deuterium quadrupole coupling constants the mean square deviation between calculated and ex perimental values at 21 different sites was 11.6 kHz [6 ] . If individual conversion factors of 680.0. 630. 1 . and 615.7 kHz/a.u. were applied to the sites with sp 3-(14 sites). sp:-(2) and sp-hybrized (5) neigh bours. respectively, the mean square deviation would have dropped to 5.9 kHz. Such calculated values of the quadrupole cou pling constants are of interest for the interpretation of experimentally obtained coupling constants, be cause the experiment often yields only the diagonal elements of the tensor. In contrast to the deuterium case, where one principal axis of the tensor usually lays nearly along the bond, the orientation of the tensor in the 14N case is usually unknown. There fore. a combination of the calculated and the ex perimental values provides a new insight.
B asis S et E valuation
For N 2 and N O + the Hartree-Fock-limit of the efg is known from numerical integration [1] , In ad dition several calculations on N 2 and N H 3 (see e.g. 0932-0784 / 87 / 0700-0753 $ 01.30/0. -Please order a reprint rather than making your own copy. [1] [2] [3] ) have shown the influence of electron cor relation on the efg. It is also well known that quite large basis sets are needed to obtain accurate results for this property. However, we are not aware of a systematic investigation on the basis set size which is necessary to approach the Hartree-Fock-limit. Therefore, we have calculated the efg with wide spread basis sets for comparison and then evaluated what number and type of basis functions are neces sary to approach the Hartree-Fock-limit for N H 3 and N 2.
All calculations were done with a Gaussian-lobeprogram (within the SCF framework) on IBM and Amdahl computers in double precision (64 bit). The error in the efg due to the lobe approximation was found to be less then 0.5%. This is small compared to the error due to neglect of vibrational corrections and electron correlation. All the calculations were performed with experimental structures (gas phase M W values). Table 1 presents the results of the calculation which were performed on N 2 and N H 3. The first results are for the DZ basis sets by Roos and Siegbahn [7] and Dunning [8 ] , applied to all atoms of a molecule (for the hydrogens in both cases the same Dunning basis set was used). The next two sections show results with two regularized even-tempered basis sets constructed by the method of Schmidt and Ruedenberg [9] , one of size (12s 6 p) and one of size (20s 10p). The ratio between s-and p-functions was chosen 2 :1 as recommended by them. The basis sets were contracted to [ 1 .2 ) , and the exponents were always multiplied by a factor of 1.44 . For all atoms further away a simple DZ basis set [7] was applied.
A comparison of the basis sets containing only s-and p-functions (e.g. 1, 2. 5 and 10) shows that a Table 1 , showed that a normal contraction scheme may be applied to the s-functions, but the p-functions should not be contracted except for the innermost functions. A reasonable contraction of the outer pfunctions does not debase the energy much, but it does worsen the value of the efg. This is in accor dance with the effect that a contraction of s-functions has on the efg of deuterium [5] . A comparison of the results obtained with basis sets 11 and 1 2 shows that the contraction scheme applied to the s-functions has virtually no influence. Similarly, a comparison between basis sets 1 2 and 13 proves the quality of the p-function contraction scheme.
Several authors stressed the importance of polar ization functions for the calculation of efg's. This is confirmed by the results presented in Table 1 . Again it should be pointed out, however, that their in fluence has been overestimated by authors who ap plied too small basis sets (compare the effect of the polarization functions for the basis sets 2 to 4!). Similarly, the efg depends acutely on the size of the exponent of the polarization function only for small basis sets. Decreasing the d-exponent in basis 7 from 1.25 to 0.75. increased the efg by 0.35 and 2.01% for N H 3 and N 2, respectively. Changing the two d-exponents to 0.3 and 1.0 and the f-exponent to 1 . 0 in basis set 11 had no influence at all on the efg.
We have not yet discussed the importance of the basis set on the neighbouring atoms. Additional dsets on the hydrogens in N H 3 and an additional f-set on the neighbouring N in N 2 did not yield a relevant change of the efg, except for small basis sets, where the basis functions of the neighbour have to compensate the basis set defect on the nitro gen. A crucial test was the application of the large basis set 12 on both nitrogens in N 2 yielding an energy of -108. 9915 Eh and an efg of -1.369 a.u.
This proves the assumption that the Dunning basis enlarged by two d-sets is appropriate to the neigh bouring atoms. This is again in accordance with the deuterium case [5] , Whereas the efg in our calculations, going from small to larger basis sets converge (except for some oscillations at the beginning) monotonously towards a value between -1.36 and -1.37 a.u., the numeri cal integration of Sundholm et al. yields a value of -1.337 a.u. (or -1.332 a.u. when extrapolated to the same bond-length). The best SCF calculation with Slater functions published up to now [10] re sulted in an energy of -108.9922 £ h and in an efg of -1.361 a.u. In view of the monotonous conver gence not only for the energy but also for the efg, we believe that our result is close to the HartreeFock-limit. However, similar arguments apply for the numerical value [11] , Therefore, we are not able to resolve this discrepancy at the moment. Fortu nately. this point is not crucial to our application, because we are concerned mainly with relative values by means of the previously mentioned pseudo nuclear quadrupole moment.
An SCF value of -0.8901 a.u. for the efg of NF13 in the literature [2] is probably erroneous. However, it does not affect the Cl results in the same paper [ 12] .
Evaluation o f Pseudo N uclear Q uadrupole M om en ts on S om e Sam ple M o lec u les
With the final basis set (Basis II + 2d -t-1 f) the efg at the nitrogen was calculated for a set of test molecules, for which an accurate experimental The experimental coupling constant of H2N -N H 2 might be less accurate than the given error limit suggests. Although Kohata et al. [24] give two signifi cantly different (6°) values for the inner and the outer H -N -N angle. Kasuya [15] did not pay attention to this in his determination of the coupling con stant. which might have introduced some error in his result. Harmony and Baron [31] have pointed out that the sign of Kasuya's coupling constant has to be changed.
An extremely low value of Q* is found in FCN.
To make sure, that this is not due to a basis set defect on F. the calculation was repeated, treating F like a neighbour-atom. i.e. applying a Dunning DZ basis with two sets of d-functions. The result was virtually the same as with the smaller basis set, in dicating that we are dealing with a correlation effect.
For 3 sp3-hybrized nitrogens we find an average 
R esults and D iscu ssio n
Applications of the evaluated basis set will main ly be the subject of forthcoming papers. Here we would like to give additional results of the calcula tions on the present set of molecules and discuss some of the results in more detail. The off-diagonal elements cannot be compared directly with experimental results, as no such are reported in the literature. From the calculational point of view we see no reason that they should be less accurate than the diagonal elements. A limited indirect verification of this are the results for the two isotopically substituted hydrazines. If the offdiagonal elements were far off the true values, the coordinate transformation would not yield reason ably good results for both hydrazines.
A model for the n-part of the efg
Whereas the experiment yields the total efg only, we can break down the calculated results into a z Fig. 1. C oord in ates and p aram eters a p p lied in the m od el o f the 7r-system. nuclear and an electronic part, and the latter into single orbital-components. or into a a-and 7r-part. Table 5 shows the components of the 7r-part of sev eral molecules.
In addition to the SCF results, values are present ed which where obtained from a simple model. The 7r-electrons on the nitrogen and on its neigh bour are assumed to be in Slater-orbitals (with ex ponents according to the Slater-rules); 7r-electrons further away are discarded in the model. Figure 1 shows the model and the coordinates and param eters involved.
The equations for the efg at any point .v0 on the .Y-axis due to a Slater-p_--orbital at the origin were given by McConnell and Strathdee [32] The electronic charge q in the 7r-orbital is taken from a CNDO-calculation. The above equations yield the efg-tensor (off-diagonal elements being zero) due to one Slater-orbital. The calculation has to be done once for nitrogen, i.e. with a 0 equal to zero, (2 ), and then it has to be repeated for the neighbour atom. ( 1 ), taking the corresponding val ues for C and q. and making a 0 equal to the bondlength. The sum of the two tensors is the total 7t-part from the model which can be compared with the result from the SCF calculation. The numbers in Table 5 were obtained in this manner, but in addi tion a scaling parameter for the Slater-exponents of 1.0205 was applied. This parameter is the only fitparameter in the model.
The anisotropy in the .y-and j-direction, charac terized by the x/y in Table 5 , is entirely due to the neighbour atom in our model. A similar effect is obtained if the orbital on the nitrogen is moved slightly towards the neighbouring atom. It is well known ( [33] , and references therein), that floating the orbital towards the neighbour-atom is equiv alent to introducing polarization functions. The model could, therefore, be improved if we would al low for polarization. However, not knowing the amount of polarization, we would have to introduce new parameters. Table 6 shows results for five molecules dissected into nuclear, n-and er-part. The latter is again di vided into a part due to the K-shell, the bonding a-and the lone-pair-orbitals. The table shows that we are dealing with relatively large nuclear and electronic parts which cancel to a great extent. This makes it difficult to predict accurate efg's either from calculations or models. The first section in Table 6 lists the SCF results and the second section shows corresponding num bers from the model. The nuclear part is identical with the SCF section as it can be calculated clas sically. The rc-part is from the above model. The part due to the K-shell is calculated with the clas sical equation for a point charge ( 2 q/>3) for two electrons in a distance equal to the bond-length. The K-shell is composed from the lowest n orbitals, n being the number of first-row atoms in the mole cule. As these n orbitals are more or less localized on the corresponding atoms, the efg's of the single orbitals show, to which extent each atom contri butes to the K-shell efg. The main part stems from the neighbouring atom (which explains the good accuracy of the model in this aspect). The orbital on the nitrogen under investigation contributes only a very small amount to the efg (-0.011, -0. These values are much smaller than an estimated shielding of 0.1 to 0.2 a.u. The efg's due to the gbond■ and the er|one-pair-orbitals consist of two parts, one due to the neighbour which is treated classically as in the case of the K-shell (but taking the CNDO electron density in the corresponding orbital on the neighbour atom instead of two electrons for q). The second part is calculated with a modified equation q xx = q * 4/15 * (£o + a ( i -<7))3-
Discussion of the o-part of the efg
We have assumed, that the orbitals in the mole cules are contracted by a different amount, depend ing on how much they are involved in the bonding.
Therefore, we replaced c by a Co, which may differ in a lone-pair or a bonding orbital. Further we have assumed that the amount of contraction also de-pends on the electron charge in the orbital, i.e. that an orbital containing a higher electron density is more diffuse. This is taken care of by a linear de pendence of £ on q. The constant of proportionality a and the exponents Co were treated as fit param eters and were found to be <3 = 0.405, Co(o'bond) = 2.41 and Co (^W-pair) = 2.15, respectively (all units in a.u.). For q in (3) we used the CNDO electron density in the /^-function °f the er bond* and the ö'ione-pair-orbital. All CNDO charges and the bondlength applied are listed in the last section of Table 6 .
The model gives the right trend for the total efg. The not very accurate results and the fact that we need CNDO densities for the interpretation, how ever, does not make it practical for predictions of efg's. We rather suggest to use the model to ratio nalize the single terms of the efg within a semiclassical framework. Further investigations will have to show whether a breakdown in localized or bitals will give a simpler and more general picture for the cr-system.
The Townes and Dailey analysis
An analysis as suggested by Townes and Dailey [34] leads for the above molecules [35] to the fol lowing equations (depending on the degree of ap proximation): q/q0 = 2 a 2 + b (1 -a 2) -a , (4) q/q0 = 1 + b/2 -a. (5) c/o is the efg yielded by an electron in a valence 2 p orbital of an nitrogen atom and is not known very accurately (we take here -2 .4 7 a.u.). a is the population of the 7r-orbitals, b the population of the bonding hybrid orbital and i is the extent of shybridization in that orbital. For (5), a 2 was as sumed to be equal to 1 / 2 .
For the experimentalist it is difficult to apply the above equations containing three and two variables, having only one observed number per molecule available. The first, second and third terms in the above equations, however, correspond to the efg due to the lone-pair orbitals, the bonding cr-orbitals and the 7r-orbitals, respectively. This allows a com parison with the corresponding terms from the ab initio SCF calculations as well as with the popu lations obtained from the CNDO calculations. The values in Table 6 cannot be compared directly with the above terms, as the Townes and Dailey analysis assumes a compensation of the electronic efg from the neighbour atoms by the corresponding nuclei. For the following discussion we can apply the same assumption and correct the values in Table 6 by the appropriate amount.
The dependence on the 7r-population in the Tow nes and Dailey analysis is confirmed excellently by our /r-model and needs no further comment.
At the beginning of the discussion of the efg due to the lone-pair orbitals, we should stress the point that this classification is somewhat arbitrary (see noteb in Table 6 ). Equation (5) 3CN , and FCN), which are not fully constant and correspond to a a 2 of about 0.55 rather than 0. 5 . The first term in the above equations should also be equal to the popu lation of p v of (7 )P (see Table 6 ). Whereas the popu lation shows the correct size of about one, it is not very constant. For both (4) and (5) a fixed popula tion of two for the lone-pairs was assumed, which is not correct in a more accurate picture as the lonepair interacts with the rest of the a-system. The CNDO calculations show that the above values are rather due to a population of more than two than to an a 2 which is greater than 1 / 2 .
The values q/q0 for the <rbond-orbitals are 0.42, 0.37, 0.27, 0.27, and 0. 27 . These numbers should be equal to b/2 or to the population of p v in (Tbond (see Table 6 ). They show the correct trend, but are too large.
We conclude that the Townes and Dailey analysis is a correct, but pretty rough analysis of the main effects, which determine the size of the efg. In a case like the above, where between two and four parameters (depending on the degree of simplifica tion) have to be interpreted, and which yield por tions of the efg with different signs, it may be mis leading. Lucken, for example, [35] tried to interpret the low value of the efg in FCN as a 7r-effect due to a conjugation of the fluorine lone-pair electrons with the ^-system. The SCF results rather suggest it to be due to the nitrogen lone-pair, leaving us with no simple chemical explanation.
